We have developed a significantly improved and simplified method for high-resolution mapping of phenotypic traits in Caenorhabditis elegans using a combination of single nucleotide polymorphisms (SNPs) and oligo array comparative genome hybridization (array CGH). We designed a custom oligonucleotide array using a subset of confirmed SNPs between the canonical wild-type Bristol strain N2 and the Hawaiian isolate CB4856, populated with densely overlapping 50-mer probes corresponding to both N2 and CB4856 SNP sequences. Using this method a mutation can be mapped to a resolution of $200 kb in a single genetic cross. Six mutations representing each of the C. elegans chromosomes were detected unambiguously and at high resolution using genomic DNA from populations derived from as few as 100 homozygous mutant segregants of mutant N2/CB4856 heterozygotes. Our method completely dispenses with the PCR, restriction digest, and gel analysis of standard SNP mapping and should be easy to extend to any organism with interbreeding strains. This method will be particularly powerful when applied to difficult or hard-tomap low-penetrance phenotypes. It should also be possible to map polygenic traits using this method.
P
OLYMORPHISMS have long been useful in genetic mapping because they are abundant and usually without phenotypic consequences. With genome sequences now at hand, single nucleotide polymorphisms (SNPs) are readily detectable and new assay methods are being developed. In fact, in humans, SNPs are now at the heart of whole genome association mapping of common variants (Carlson et al. 2004) . SNPs have also been used in Caenorhabditis elegans (Wicks et al. 2001; Swan et al. 2002; Davis et al. 2005) and other model organisms, (Van Eijk et al. 2004; Chen et al. 2008) but to date these usually require multiple handling steps and are relatively complicated. Because the mapping of new mutants, particularly suppressors and enhancers, remains central to the study of these organisms, we sought to develop a more efficient method that would exploit advances in SNP detection on a large scale.
Our alternative strategy, called SNP-comparative genome hybridization (CGH), exploits the high density of SNPs between N2 and CB4856 for genetic mapping in C. elegans. It has been estimated that the wild-type strains N2 and CB4856 exhibit a genetic variation of one SNP per 840 bp in the nuclear genome (Wicks et al. 2001 ). An evenly distributed set of SNPs at sufficient density can therefore be used to map virtually any new mutation. Using chips designed by ourselves and manufactured by Roche NimbleGen we have shown that after only a single genetic cross and a single DNA preparation a mutation can be mapped to an $200-400-kb interval on a chromosome. The SNP-CGH mapping protocol described here is easier and more efficient than any SNP mapping protocol that we are aware of that is currently available for C. elegans.
MATERIALS AND METHODS
Strains used: The marker strains used for this study were dpy-5(e61) I (F27C1.8), dpy-10(e128) II (T14B4.7), dpy-17(e164) III (F54D8.1), unc-22(e66) IV (ZK617.1), dpy-11(e224) V (F46E10.9), and unc-2(ra612) X (T02C5.5). The Hawaiian strain used for SNPs was CB4856.
Genetic crosses, DNA preparations, and hybridization to microarrays: For each chromosome marker, CB4856 males were crossed to marker homozygotes and 10 WT F 1 progeny were singled on 60-mm petri plates containing NGM spread with Escherichia coli OP50. Ten F 2 mutant homozygotes were picked from each clone to corresponding single 60-mm plates for a total of 100 animals on 10 plates for each marker line. Populations were allowed to grow to starvation, then collected by washing with M9 buffer containing 0.01% Triton X-100, pelleted by centrifugation, and pooled by marker onto single 150-mm petri plates containing rich NGM (standard recipe with 83 peptone) spread with E. coli X1666. Each such pooled population was grown to starvation and collected by washing 1 and centrifugation, frozen at À80°in 2.5 volumes of worm lysis buffer (50 mm KCl, 10 mm Tris HCl pH 8.3, 2.5 mm MgCl 2 , 0.45% NP-40, 0.45% Tween-20, 300 mg/ml proteinase K), and incubated at 55°for 2-3 hr to produce crude worm lysates. High molecular weight DNA preparation, DNA fragmentation, DNA labeling, sample hybridization, image acquisition, and determination of fluorescence were all performed as previously described (Maydan et al. 2007 ). Each step, from DNA fragmentation to raw signal detection, was done by Roche NimbleGen.
Microarray manufacture and data normalization: The microarrays were manufactured by Roche NimbleGen, with oligonucleotides synthesized at random positions on the arrays. For all the experiments, normalization of fluorescence intensity ratios was performed with a LOESS regression as previously described (Maydan et al. 2007) .
Design of preliminary microarray: Two thousand six hundred thirty-nine SNPs without nearby mutations in the strain CB4856 were selected from WormBase data freeze WS170. Alternating between the plus and minus strand templates, up to 150 distinct 50-mer oligonucleotides were designed to densely tile a 200-base window centered on each SNP. Probes including known repeats were excluded. Dye-flip experiments were performed and the results averaged after correcting for the change in sign of the log 2 ratio.
Design of the mapping microarray and data analysis: The mapping microarray was designed to simultaneously probe 4576 small mutations (3169 single nucleotide substitutions, 567 insertions, 840 deletions) distributed across the CB4856 genome and listed as ''SNP'' in WormBase data freeze version WS180. For each mutation, 50-mer oligonucleotide probes affected by the mutation were designed with the CB4856 and N2 sequences. Those probes were designed to follow either the plus or minus strand template to keep the mutation as far away as possible from the tethered end of the probe knowing that with NimbleGen's manufacturing process the oligonucleotides are synthesized from 39 to 59. Control 50-mer probes alternating between the plus and minus strands were designed to tile the immediate flanking regions 100 bases upstream and downstream of each mutation. To avoid significant crosshybridization, probes containing repeats annotated in WormBase have been excluded together with probes showing significant homology (.75% identity over the whole probe according to a MegaBLAST search) (Zhang et al. 2000) with other locations in the C. elegans genome. This resulted in a total of 380,058 probes with 187,335 of those being control probes targeting flanking regions. The fit of the mapping signal described in the text was performed with the cubic smoothing spline function provided in the standard distribution of the R statistical software.
The list of oligonucleotides used for mapping the genetic markers in these experiments is available from Roche NimbleGen as design name 071128_CE_HawaiianMap_DM_tiling. Note that we are currently refining the chip design and a new list of oligonucleotides will be available in the near future. We are also in the process of creating a user-friendly analysis package. New chip designs as well as the software necessary to analyze the data will be posted at http:/ /www.zoology.ubc.ca/ %7Edgmweb/research1_cgh.htm. If you cannot find what you need on the Web site you can contact us directly (sflibotte@ bcgsc.ca or moerman@zoology.ubc.ca).
RESULTS AND DISCUSSION
In a preliminary experiment, 2639 previously known single nucleotide substitutions between the CB4856 and N2 strains were characterized by array CGH using 50-mer oligonucleotide probes. The object of this experiment was to determine which SNPs could be detected using hybridization and would therefore serve as useful mapping markers. Besides accruing a set of useful SNPs we also observed that the magnitude of the perturbation due to a single base substitution on the hybridization signal is a function of the position of the substitution within individual probes ( Figure 1 ). As expected, the perturbation is smaller when the substitution is located close to the surface of the slide as opposed to the end of the probe, which is freely floating in the solution. For 50-mer probes, the effect is maximal when the substitution is near the seventh nucleotide from the unattached end, and moving the substitution to the center of the probe reduces the magnitude of the effect by nearly a factor of 2. In the manufacturing process the probes are synthesized onto the microarray from the 39 end to the 59 end with the 39 end of the oligonucleotide being closer to the surface of the glass slide. Consequently, when densely tiling a small region of a chromosomal sequence from left to right one can maximize the effect of a substitution by first designing probes on the minus strand template and then switching to the plus strand template when the ) is shown as a function of the chromosomal coordinate of the left end of each 50-mer probe relative to the coordinate of the substitution. Probes following the plus and minus strand templates of the N2 Bristol sequence are represented by red and blue circles, respectively. Probes with relative positions , À50 or .0 are in the immediate flanking region of a substitution but do not overlap known substitutions. Since the probes are always synthesized from the 39 to the 59 end on the microarray, the probes following the plus and minus strand sequences show nearly identical hybridization patterns with a maximum perturbation when the substitution is located near the seventh nucleotide from the end away from the glass slide and freely floating in solution.
substitution is near the center of the probe; in other words, the substitution should be kept far from the surface of the slide to maximize its perturbation on the hybridization signal.
Armed with this critical piece of information, we next designed a microarray to simultaneously probe SNPs and indels (insertions and deletions) distributed across the CB4856 genome. Indels did not behave as expected and so were excluded from further analysis. We tested 3169 SNPs with mean spacing of 15 kb and median spacing of 31 kb, avoiding both annotated repeats and probes with significant homology elsewhere in the genome. The design sought to incorporate 22 50-mer oligonucleotide probes of each SNP for each strain. Elimination of repeats and remote homology reduced the number of probes per SNP somewhat, but .85% had the full complement of 44 probes. Subsequent analysis of the information content suggests that only half as many probes per SNP would suffice. We also included probes from flanking regions as controls in the array design, but later found these were unnecessary for successful mapping. The initial chip design used in these experiments had $380,000 probes. By excluding indels, flanking probes and half the oligos covering a SNP, this number could be reduced to 76,000 to obtain the results presented here.
We tested the method using mutants from near the center of each of the 6 chromosomes (except on the X, where a distal marker was used), where recombination is low and resolution inherently most limited. Mapping crosses were performed as indicated in Figure 2 (see legend to Figure 2 for details on the crosses and markers utilized). After homozygous mutant animals were resegregated from F 1 's derived from the cross, their progeny were grown together as a mixed population on a single large plate. Note that there is but a single cross and a single DNA preparation in this procedure. The mapping analysis procedure for data from the arrays involves first normalizing the log 2 ratios, then for each substitution represented on the array to calculate the median log 2 ratio separately for the probes with N2 and CB4856 sequences. The difference between those two median values is then used as the signal to map the location of the mutation of interest. Near the site of the mutation the alleles in the sample should be derived from N2 and at unlinked positions the two alleles should be equally represented because of recombination and assuming the absence of selection (but see Seidel et al. 2008) . Using cy3 to label the sample DNA and cy5 to label N2 control DNA, near the mutation all the probes should show a ratio close to 1 (log 2 ratio ¼ 0), but in unlinked, unselected regions the N2 probes should have a ratio of ,1 (log 2 ratio , 0) and the CB4856 probes should have a ratio of .1 (log 2 ratio . 0).
We used knowledge of the mutation site only for the first experiment [dpy-5(e61) on chromosome I] to develop a satisfactory analysis procedure, and data for the other five experiments were analyzed blindly. Figure 3 shows whole-genome views of this mapping signal for the six experiments. Even though the mapping signal is fairly noisy, a simple visual inspection of the genome view can determine on which chromosome each mutation is located (note that individual chromosomes are color coded); an automated procedure looking for the chromosome with the largest mean or median mapping signal would of course find the proper chromosome. As can be seen in Figure 4 , fitting a cubic smoothing spline to the mapping signal of the affected chromosome allows a finer mapping of the mutation with surprisingly good accuracy. Other smoothing techniques such as the LOESS local regression and Friedman's SuperSmoother could also be used. In the six cases, the mapping signal maximum fell between 40 and 427 kb of the position of the mutation with an average of 182 kb and a median of 171 kb. For this analysis we chose six marker mutations of known physical location, one for each chromosome. These were dpy-5(e61) I (F27C1.8), dpy-10(e128) II (T14B4.7), dpy-17(e164) III (F54D8.1), unc-22(e66) IV (ZK617.1), dpy-11(e224) V (F46E10.9), and unc-2(ra612) X (T02C5.5). Details of crosses, DNA preparations, microarray hybridization, and analysis are described in the materials and methods (also see Maydan et al. 2007 ).
The procedural ease and mapping resolution achieved from a single genetic cross and a single DNA preparation using this SNP-CGH mapping protocol should increase the speed of mapping new mutations after forward genetic screens as well as enhancer and suppressor screens. This protocol should also make it much less difficult to map complex or subtle behavioral phenotypes as well as phenotypes with low penetrance, as only a handful of animals with the confirmed phenotype need be isolated and grown after the initial cross. This method should also prove extremely useful for experiments utilizing worms to study natural variation in genetic pathways (in methods such as ''genetical genomics''; reviewed in Kammenga et al. 2008) . This is a general method that can be applied to other C. elegans strains as well as other nematode species (for example, C. briggsae Stein et al. 2003; Hillier et al. 2007) . The recent sequencing of the Pasadena C. elegans strain CB4858 (Hillier et al. 2008) was initially thought to offer a possible alternative mapping strain, but CB4858 has large blocks where there are few variants so it may not be the best choice. Other wild-type strains may have to be investigated. The SNP platform we describe here can be transferred to any organism where a pair of interbreeding strains exists with significant variation at the nucleotide level.
What is not yet clear is the limit to the resolution that may yet be achievable with this system. Even as it stands now the method offers relatively high resolution for minimum effort. We see two routes to increasing mapping resolution, increasing the number of recombinants and increasing SNP density on the chip. For three of our six hybridizations, DNA from 100 mutant segregants provided resolution to individual SNPs, so increasing the number of segregants alone would not confer an increase in mapping resolution for many mutants. As detailed earlier the density of substitutions represented on the array could easily be increased by a factor of 5 in future microarray designs without increasing the total number of probes on the array. This increase in the The blue lines and blue squares represent a cubic smoothing spline fit to the mapping signal and the vertical red lines indicate the actual location of the mutation being mapped. The whole chromosome view shown in a and b focuses on a small interval around the mutation. The maximum of the fit can be taken as our best estimate of the location of the mutation with the current mapping array. Since our prediction is just one data point away from the real position of the mutation, we should be able to improve the mapping resolution by increasing the number of substitutions represented on the array. number of SNPs coupled to analyzing more animals could potentially improve the mapping resolution significantly.
The conservation of many genetic pathways between nematodes and humans makes the study of single-locus mutations in C. elegans an important source and inroad into the details of both known and novel biological pathways. The development of this new technique should quicken the pace of identifying novel mutations affecting these various genetic pathways.
